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The emergence of Reston ebolavirus (REBOV) in domestic swine in the Philippines has caused a renewed
interest in REBOV pathogenicity. Here, the use of different rodent species as animal disease models for REBOV
was investigated. BALB/c and STAT1 '~ mice, Hartley guinea pigs, and Syrian hamsters were inoculated
intraperitoneally with REBOV strain Pennsylvania or Reston08-A. Although virus replication occurred in
guinea pigs, hamsters, and STAT1 '~ mice, progression to disease was only observed in STAT1 '~ mice.
Moreover, REBOV Pennsylvania was more pathogenic than REBOV Reston08-A in this model. Thus, STAT1 /'~
mice may be used for research of REBOV pathogenicity and intervention strategies.

Reston ebolavirus (REBOV) is one of the members of the
genus Ebolavirus in the Filoviridae family and was dis-
covered in 1989 in cynomolgus macaques imported into
the United States from the Philippines [1]. Subsequent
epizootics of REBOV infection in 1990, 1992, and 1996
in nonhuman primate quarantine facilities in the United
States and Italy were also traced back to import of cyn-
omolgus macaques from the same facility in the Philip-
pines which had been reported to host REBOV infected
animals several times [2-5]. In 2008, REBOV was de-
tected in domestic swine in the Philippines that were also
experiencing porcine reproductive and respiratory syn-
drome virus infection [6]. These outbreaks of REBOV
infection in nonhuman primates and swine highlight
the zoonotic potential of this virus. In addition, al-
though REBOV has not yet been associated with disease
in humans, it is capable of infecting humans as shown
by the presence of antibodies against REBOV in people
in close contact with infected macaques and swine
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[6-8], suggesting that sufficient adaptation might render
REBOV more pathogenic in humans. However, re-
search is hampered by the fact that the only available
disease model described for REBOV is the cynomolgus
macaque [9, 10]; experimental inoculation of mice
lacking the interferon o/ receptor with REBOV has
been described, but no disease was observed in these
animals [11].

In this study, we assessed several rodent models,
BALB/c mouse (Mus musculus), Hartley guinea pig
(Cavia porcellus), Syrian hamster (Mesocricetus auratus),
and STAT1™'~ mouse (Mus musculus), which lack the
signal transducer and activator of transcription 1
[12], for their use as REBOV disease models. We used
2 different REBOV strains, Pennsylvania, isolated from
cynomolgus macaques during a REBOV outbreak in
the United States in 1989, and Reston08-A, isolated
from a domestic pig during a REBOV outbreak in the
Philippines in 2008. Animal experiments were approved
by the Institutional Animal Care and Use Committee
and performed by certified staff in an Association for
Assessment and Accreditation of Laboratory Animal
Care—approved biosafety level 4 facility.

Two groups of 12 6-8-week-old female BALB/c mice
(Harlan Laboratories), Hartley guinea pigs (Charles River
Laboratories), Syrian hamsters (Harlan Laboratories), and
STAT1 ™/~ mice (Taconic) were housed in isolation units
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and inoculated intraperitoneally with 10> focus-forming units
(FFUs) of REBOV Pennsylvania or Reston08-A virus; 4 animals of
each species were mock-inoculated. Animals were monitored for
clinical signs and weighed daily. On days 2 and 5 after inoculation,
4 animals from each group of 12 were euthanized, and blood,
lungs, spleens, livers, and kidneys were harvested and nasal and
oropharyngeal swabs were collected. Remaining animals were
euthanized on day 14 after inoculation and sampled like the an-
imals euthanized on days 2 and 5 after inoculation.

BALB/c mice, Hartley guinea pigs, and Syrian hamsters
showed no clinical signs or weight loss upon inoculation with
REBOV strains Pennsylvania or Reston08-A (Figure 1, A-C). In
contrast, STAT1 ™/~ mice showed severe clinical signs upon
inoculation with both viruses, such as ruffled fur, lethargy, and
weight loss. The maximum weight loss for Reston08-A—
inoculated STAT1 ™/~ mice was 12% on day 5 after inoculation,
followed by recovery starting on day 6; the maximum weight
loss in STAT1-/- mice inoculated with REBOV Pennsylvania was
~10%, but it lasted from day 6 through day 8 (Figure 1D). The
severity of disease was scored daily (with 0 for no signs of disease
and 7 for death); the mean disease scores of REBOV Pennsyl-
vania—inoculated STAT1-/- mice and Reston08-A—inoculated
STAT1-/-mice are plotted in Figure 1E. The first onset of clinical
signs was observed in the Reston08-A—inoculated STAT1-/-
mice on day 4 after inoculation; the REBOV Pennsylvania—
inoculated STAT1-/- mice showed signs starting on day 5.

Disease scores of the REBOV Pennsylvania—inoculated
STAT1™'~ mice were higher and clinical signs lasted longer than
those of the Reston08-A—inoculated mice. On day 5 after in-
oculation, 1 of the REBOV Pennsylvania—inoculated STAT1™/~
mice succumbed to the infection; of the remaining 4 mice, 1 died
on day 6 after inoculation and 1 died on day 7 after inoculation
(Figure 1F). All of the Reston08-A—inoculated STAT1 ™'~ mice
recovered after initial disease symptoms and survived the in-
fection. Recovery in the surviving REBOV Pennsylvania—
inoculated STAT1 ™'~ mice seemed somewhat slower than in
the Reston08-A—inoculated mice; however, surviving STAT1-/-
mice had completely recovered from the infection by day 12
after inoculation, as indicated by regained body weight. Taken
together, the lethality of the REBOV Pennsylvania strain in
STAT1 '~ mice combined with its higher disease score, pro-
longed weight loss, and delayed recovery, as compared with the
Reston08-A virus, suggest that the REBOV Pennsylvania virus
has a more pathogenic phenotype than Reston08-A.

Lung, spleen, liver, and kidney samples obtained from ani-
mals on days 2, 5, and 14 after inoculation were homogenized
using a TissueLyzer II (Qiagen), and RNA was extracted from
30-mg tissue samples using a RNeasy Mini Kit (Qiagen) ac-
cording to instructions of the manufacturer. RNA was extracted
from blood and from nasal and oropharyngeal swabs using the
QIAamp Viral RNA Mini Kit (Qiagen). All samples were ana-
lyzed for the presence of viral RNA by use of a 2-step real-time
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Figure 1. Weight loss, disease score, and survival upon inoculation of

different rodent species with Reston ebolavirus. BALB/c mice (A), Hartley
guinea pigs (B), Syrian hamsters (C), and STAT1 =/~ mice (D) were
inoculated intraperitoneally with Dulbecco modified Eagle medium
(squares), 10° focus-forming units (FFUs) of Reston ebolavirus strain
Pennsylvania (triangles), or 10° FFUs of strain Reston08-A (circles) and
weighed daily. The mean body weight per group was calculated as the
percentage of weight at the start of the experiment. In STAT1 ™/~ mice,
severity of disease was scored daily (0, no symptoms; 1, ruffled fur; 2,
ruffled fur and weight loss of <5%; 3, ruffled fur, hunched posture, and
weight loss of >5%; 4, ruffled fur, hunched posture, and weight loss
of >10%; 5, ruffled fur, hunched posture, and weight loss of >15% or
paralysis of limbs; 6, ruffled fur, hunched posture, and weight loss
of >20% or paralysis of limbs; 7, death; euthanasia was performed at
a score of =b). Mean disease scores were calculated (£). Survival of
STAT1™/~ mice was calculated as the percentage of animals surviving
after the 5 day post inoculation necropsies (F).

reverse-transcription polymerase chain reaction (PCR) with
Tagman reverse transcription reagents (Applied Biosystems)
and Tagman Universal Master Mix II (Applied Biosystems)
according to the instructions of the manufacturer (primer and
probe sequences are available on request); FFU equivalents were
calculated for positive samples by running a standard curve of
a titered virus stock in parallel with all real-time PCRs. Nasal
and oropharyngeal swabs of all animals were negative (data
not shown). In BALB/c mice, FFU equivalents were highest on
day 2 after inoculation, with lower FFU equivalents and fewer
animals testing positive on day 5 than on day 2 after inoculation
and progressively less on day 14 after inoculation, although
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viral RNA could still be detected in all animals at this time
(Figure 2, A—C). Thus, the possibility cannot be excluded that
the positive PCR data are derived from residual RNA in tissues
rather than from active replication of virus in these animals. In
guinea pigs and hamsters, FFU equivalents in lung, spleen, liver,
and kidney samples on day 2 after inoculation were comparable
to those found in BALB/c mice (Figure 2, D-G); however, FFU
equivalents in these animals increased between days 2 and 5 after
inoculation, suggesting that the virus replicated in these animals.
On day 5 after inoculation, REBOV Pennsylvania FFU

2 days after innoculation

5 days after innoculation

equivalents were higher than those of Reston08-A in inoculated
guinea pigs and hamsters (Figure 2, E-H). On day 14 after in-
oculation, viral RNA could no longer be detected in 3 of 4 guinea
pigs and 2 of 4 hamsters inoculated with Reston08-A, compared
with only 1 guinea pig and none of the hamsters that cleared the
REBOV Pennsylvania virus by that time (Figure 2, F-I). In-
terestingly, in the lungs of all 4 hamsters inoculated with REBOV
Pennsylvania, FFU equivalents remained high up to day 14 after
inoculation. In STAT1™'~ mice, FFU equivalents were ~100-
fold higher on days 2 and 5 after inoculation than in the other

14 days after innoculation
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Figure 2. Focus-forming unit equivalents (FFUeq) in Reston ebolavirus—inoculated rodent species. On days 2 (left panels), 5 (middle panels), and 14

(right panels) after inoculation, 4 BALB/c mice (A—C), 4 Hartley guinea pigs (D—F), 4 Syrian golden hamsters (G—/), and 4 STAT1 =/~ mice (J-L) inoculated
with Reston ebolavirus strain Pennsylvania (black bars) or Reston08-A (white bars) were euthanized and lungs, spleens, livers, kidneys, and blood samples
were assayed for the presence of viral RNA. Focus-forming unit equivalents of positive samples were calculated per gram tissue for lung, spleen, liver,
and kidney samples or per milliliter for blood samples. Geometric mean titers were calculated; error bars indicate standard deviation.
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3 animal species (Figure 2, J-K), in line with the severe disease
observed in these animals. Unlike in guinea pigs and hamsters,
no differences in FFU equivalents in STAT1 '~ mice were de-
tected between the 2 viruses on days 2 and 5 after inoculation,
despite the fact that REBOV Pennsylvania seemed more virulent
in these animals than Reston08-A virus, based on clinical signs
and survival data. On day 14 after inoculation, low levels of RNA
of both viruses could still be detected in all tissues, except for the
blood of Reston08-A infected animals. Reston08-A virus in-
oculated animals, (Figure 2L).

The detection of REBOV in domestic swine in the Philippines
in 2008 was unprecedented in several ways: it was the first time
an Ebola virus was detected in a domestic animal species, and
3 genetically distinct REBOV viruses were isolated from 2 geo-
graphical locations [6], suggesting independent introductions
of different REBOV strains into the Philippine swine population
or a prolonged, but undetected, circulation in swine of this virus.
This extension of known host species for REBOV and the po-
tential of sustained pig-to-pig transmission raise the concern
for the emergence of REBOV in and adaptation of REBOV to
other domestic animal species or humans. The detection of
REBOV in swine highlights the need for livestock and wildlife
surveillance and to explore the potential natural host in areas
where the virus is endemic. Moreover, it emphasizes the need
for small animal models to study the molecular basis of the
pathogenesis of REBOV and the ability of this virus to acquire
enhanced pathogenicity.

The absence of disease manifestation (in BALB/c mice,
Hartley guinea pigs, and Syrian hamsters) and perhaps even
replication (in BALB/c mice) makes these animals interesting
models as they may resemble the situation in humans, among
whom REBOV-induced disease has so far not been observed.
The replication of REBOV in guinea pigs and hamsters also
creates the possibility of adapting REBOV to these hosts, similar
to the adaptation of Zaire ebolavirus to mice and guinea pigs [13,
14], possibly resulting in a disease manifestation similar to that
observed in cynomolgus macaques and thus an opportunity to
study REBOV disease in guinea pigs or hamsters.

Besides the cynomolgus macaque, in which REBOV causes
severe and often lethal hemorrhagic disease [9, 10], the STAT1 -/
mouse is currently the only small animal model in which severe
disease is observed upon REBOV infection, making it
an attractive model to study pathogenesis or antiviral therapy.
The fact that REBOV, especially the REBOV Pennsylvania strain,
causes severe disease in STAT1 '~ mice indicates that the early
innate immune response is a major determinant of pathogenicity
of REBOV in vivo.

We observed a difference in pathogenicity in STAT1 ™/~ mice
between the REBOV Pennsylvania and Reston08-A strains,
where the Pennsylvania virus displayed a more pathogenic
phenotype. Whether the decreased pathogenicity of the
Reston08-A virus is due to circulation of the virus in pigs or

in its natural reservoir is currently not clear. In total, there
are 105 amino acid differences between strains Pennsylvania
and Reston08-A [6], with 32 amino acid differences in the
glycoprotein (reviewed in [15]), which mediates viral entry
into the host cell and is also an important determinant of
pathogenicity of Ebola viruses.

The STAT1 ™/~ mouse model described here can be used
to further investigate the determinants of the difference in
pathogenicity between REBOV Pennsylvania, Reston08-A, and
other REBOV strains of interest. Moreover, the STAT1 '~
mouse model will be helpful to assess potential prophylactic and

therapeutic intervention strategies, such as vaccination

and antiviral therapies. There are drawbacks to using STAT1 ™/~
mice in these studies. First of all, STAT1 '~ mice lack an
important component of the interferon o/p and interferon vy
signaling cascade. Nonetheless, these mice have been used
successfully for testing vaccines against monkeypox virus and
rotavirus [16, 17] and for testing of antivirals against monkeypox
virus and Crimean-Congo hemorrhagic fever virus [16, 18].
Second, mouse models of Ebola virus infection have shown
relatively poor predictability of vaccine efficacy in a nonhuman
primate model. However, the STAT1 ™/~ mouse model described
here is currently the only alternative disease model for studying
REBOV infection.
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